Abstract This study aims to evaluate the effect of regular post-exercise cold water immersion (CWI) on intramuscular markers of cellular stress response and signaling molecules related to mitochondria biogenesis and exercise performance after 4 weeks of high intensity interval training (HIIT). Seventeen healthy subjects were allocated into two groups: control (CON, n = 9) or CWI (n = 8). Each HIIT session consisted of 8-12 cycling exercise stimuli (90-110 % of peak power) for 60 s followed by 75 s of active recovery three times per week, for 4 weeks (12 HIIT sessions). After each HIIT session, the CWI had their lower limbs immersed in cold water (10°C) for 15 min and the CON recovered at room temperature. Exercise performance was evaluated before and after HIIT by a 15-km cycling time trial. Vastus lateralis biopsies were obtained pre and 72 h post training. Samples were analyzed for heat shock protein 72 kDa (Hsp72), adenosine monophosphate-activated protein kinase (AMPK), and phosphorylated p38 mitogen-activated protein kinase (p-p38 MAPK) assessed by western blot. In addition, the mRNA expression of heat shock factor-1 (HSF-1), peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α), nuclear respiratory factor 1 and 2 (NRF1 and 2), mitochondrial transcription factor A (Tfam), calcium calmodulin-dependent protein kinase 2 (CaMK2) and enzymes citrate synthase (CS), carnitine palmitoyltransferase I (CPT1), and pyruvate dehydrogenase kinase (PDK4) were assessed by real-time PCR. Time to complete the 15-km cycling time trial was reduced with training (p < 0.001), but was not different between groups (p = 0.33). The Hsp72 (p = 0.01), p38 MAPK, and AMPK (p = 0.04) contents increased with training, but were not different between groups (p > 0.05). No differences were observed with training or condition for mRNA expression of PGC-1α (p = 0.31), CPT1 (p = 0.14), CS (p = 0.44), and NRF-2 (p = 0.82). However, HFS-1 (p = 0.007), PDK4 (p = 0.03), and Tfam (p = 0.03) mRNA were higher in CWI. NRF-1 decrease in both groups after training (p = 0.006). CaMK2 decreased with HIIT (p = 0.003) but it was not affected by CWI (p = 0.99). Cold water immersion does not alter HIIT-induced Hsp72, AMPK, p38 MAPK, and exercise performance but was able to increase some markers of cellular stress response and signaling molecules related to mitochondria biogenesis.
Introduction
Exercise alters body temperature regulation, metabolism and hydration state, as well as local and central fatigue (Stanley et al. 2014 ). In some cases (i.e., unaccustomed or high intensity exercise), the ensuing muscle fatigue reduces the maximal voluntary contraction capacity for several days after exercise. Cold water immersion (CWI) is a common strategy used by athletes and non-athletes to facilitate post-exercise recovery (Vaile et al. 2008; Peiffer et al. 2009; Stanley et al. 2014) . The theoretical main purpose of CWI use is based on the effects of hydrostatic pressure and heat exchange on muscle blood flow reducing exercise-induced increase in body temperature, muscle inflammation, metabolism, and edema (reviewed by Versey et al. 2013) . Additionally, CWI improves ratings of well-being, thereby facilitating subjective recovery (Haddad et al. 2012 ). Several studies have tested the effects of acute post-exercise CWI on performance recovery (Roberts et al. 2014) , demonstrating faster restoration, allowing individuals to improve performance in subsequent exercise sessions Rowsell et al. 2014) .
Only few studies have evaluated the effect of CWI during endurance training (Yamane et al. 2006; Halson et al. 2014; Ihsan et al. 2015) and the results are not consistent. Yamane et al. (2006) reported that one leg post-exercise CWI over 4 to 6 weeks of training attenuated cycling performance improvements when compared to the control leg (no CWI). Conversely, Halson et al. (2014) found that post-exercise CWI four times per week over 3 weeks of intensified training, followed by taper, did not impair adaptation to training in competitive cyclists. Instead, the CWI group demonstrated a marginal (non-significant) increase in performance when compared with the control group. It is notable that these two previous studies did not evaluate intramuscular signaling induced by CWI during the period of exercise training. Recently, Ihsan et al. (2014) showed that acute post-exercise CWI can interfere with intramuscular muscle oxidative capacity-related signaling, evaluated by real-time PCR, which could facilitate improvements in endurance performance. In fact, the same group of investigators has recently shown that regular post-exercise CWI enhances intramuscular mitochondrial biogenesis-related signaling such as total protein content of adenosine monophosphate-activated protein kinase (AMPK), p38 mitogen-activated protein kinase (p38 MAPK), phosphorylated-acetyl-CoA carboxylase (p-ACC), and mitochondrial subunits representative of respiratory complexes (C-I, C-III, and C-IV) (Ihsan et al. 2015) . The authors concluded that CWI is an effective strategy to improve changes in molecular signaling that lead to mitochondrial biogenesis and a possible enhancement of exercise performance. However, the CWI protocol used in that study does not allow for distinguishing between the performance improvements for CWI and the control groups, as one of the subjects' leg was immersed while the other served as control. Of note, the performance test performed before and after the training period was done with both legs. Additionally, the authors did not observed significant changes on transcriptional coactivator peroxisome proliferator-activated receptor gamma coactivator-1α (PGC-1α). Therefore, it is clear from those results that the effect of CWI on exercise training-induced functional and molecular adaptations needs further investigation.
One important family of intracellular molecules that could be modulated by CWI during exercise training is the heat shock proteins (HSPs). Increased HSPs are induced by various stimuli observed during exercise, such as hyperthermia, hypoxia, energy substrate depletion, acidosis, and reactive oxygen species (as reviewed by Kregel 2002) . It has also been suggested that HSP induction by exercise is important for cell homeostasis, to repair damaged proteins as well as participation in signaling pathways (Locke et al. 1994; Tupling et al. 2004) . Also, HSPs are involved in activation of signaling pathways in skeletal muscle related to exercise adaptation in experimental models (Takahashi et al. 1998; Reid 2005) . For example, the overexpression of heat shock protein 72 kDa (Hsp72) in mice increases mitochondrial transcription factor A (Tfam) expression, an important gene for mitochondrial biogenesis stimulation that increases skeletal muscle oxidative capacity (Henstridge et al. 2014) . It has been demonstrated that Hsp72 overexpression in skeletal muscle of mice can protect this tissue against the deleterious effect of exhaustive exercise by increasing the enzyme superoxide dismutase (SOD), decreasing serum lactate, muscular matrix metalloproteinase or myeloperoxidase activity, and muscle damage (Liu et al. 2013) . Yamane et al. (2006 Yamane et al. ( , 2015 observed in non-athlete subjects detrimental effects of regular post-exercise CWI on exercise performance and speculated that this recovery strategy could inhibit HSPs expression, thereby reducing exercise training-induced muscular adaptations leading to attenuation performance improvements. However, it has not being investigated whether post-exercise CWI can affect the intramuscular response of Hsp72 after a training period and thus affect performance improvements.
In this context, it is important to understand the effects of CWI on intramuscular Hsp72 and markers of muscle oxidative capacity, and exercise training-induced physical performance. Therefore, the purpose of the present study was to evaluate the effect of CWI on intramuscular Hsp72 and signaling related to oxidative capacity and exercise performance after 4 weeks of high intensity interval training (HIIT).
Methods Participants
Seventeen healthy, physically active, young male subjects (age, 23 ± 3 years old; body mass, 68.7 ± 9.2 kg; height, 171 ± 7 cm; body fat, 23.5 ± 5.2 %, mean ± SD) participated in this study. Before agreeing to participate, the subjects gave their written informed consent, which was previously approved by the institutional review board of the Universidade Federal dos Vales do Jequitinhonha e Mucuri (protocol # 014/2011). Subsequently, participants underwent medical screening and clearance.
Experimental protocol
A medical questionnaire was completed by the subjects to exclude individuals taking medications or having recent musculoskeletal injuries. The physical activity readiness questionnaire (PAR-Q) was used to exclude individuals at risk for performing high-intensity exercise. The time line of the procedures is presented in Fig. 1 .
Prior to the high intensity interval training, volunteer's anthropometric measurements (height, body mass, and fat percentage) were assessed, followed by a graded exercise test. Body fat was estimated using dual X-ray absorptiometry (DXA, GE, Lunar iDXA). Peak oxygen consumption (VO 2 peak) was measured by using a customized ramp protocol, performed on a mechanically braked cycle ergometer (Ideal, Maxx, Brazil) as described elsewhere (De Matos et al. 2014) . The ramp protocol consisted initially of 3 min of warm-up at 30 W. Then, the workload was increased every 60 s at an individualized rate until fatigue occurred despite verbal encouragement. Cadence was set to 50 rpm, and the test was ended when subject physically indicated test termination or could not maintain the preset cadence. The workload increments were based on the volunteer training history to induce fatigue between 8 and 12 min. Due to technical issues with the metabolic cart (K4b2, Cosmed, Italy), we used the equation described below to calculate the VO 2 peak on cycle ergometer (ACSM 2014):
Where VO 2 is the oxygen consumption (mL•kg
), body mass in kilograms, and work rate in kilograms/meter.
A 15-km cycling time trial was used to evaluate performance pre and post 4 weeks of HIIT. The volunteers were instructed to cover 15 km in the shortest possible time, on a mechanically braked cycle ergometer (Ideal, Maxx, Brazil) , with an initial load (in kg) corresponding to 50 % of the maximum load (pedaling at 50 rpm) achieved in the VO 2 max test (adapted from Little et al. 2010) . During the time trial, the volunteers were free to change the cadence and, consequently, the power output. The distance was measured using a cateye. Every 3 km, the subject was informed of the distance covered and requested to indicate his rating of perceived exertion (RPE) (Borg 1982) , but no information was provided about test duration. The test was conducted in an environmental chamber controlled at 22°C dry bulb temperature and 60 % relative humidity. Volunteers were not allowed to drink water during the test and HR was recorded, in addition to the time to cover every kilometer and 15 km. Volunteers performed a familiarization session 76 to 96 h before performance was assessed.
The subjects were allocated into two groups: control (CON, n = 9) and cold water immersion (CWI, n = 8). We matched the groups pairing every two subjects according to the time to complete the 15-km time trial. The HIIT protocol was performed using a cycle ergometer (Movement, BM 2800 PRO) during 4 weeks, 3 days per week, totaling 12 training sessions (adapted from Little et al. 2010) . Each HIIT session consisted of 8-12 cycling exercise bouts with intensity between 90 and 110 % of the peak power for 60 s followed by active recovery of 75 s at 30 W. The cycling bouts (8-12) and exercise intensity (90-110 % of the peak power) were increased progressively and similarly between groups (Table 1) . During every HIIT session, heart rate and rating of perceived exertion were measured by the end of each stimulus and after active recovery. After each HIIT session, the CWI group had their lower limbs immersed into a plastic container (dimensions: 90 cm height and 70 cm radius) containing water at 10°C (±1°C) for 15 min. This temperature and duration were chosen based in previous studies that investigated the effect of CWI after one bout of exercise (Bailey et al. 2007 Fig. 1 Timeline of all experimental procedures before, during, and after the 4 weeks of weeks of high intensity interval training for both experimental groups Vaile et al. 2008; Dunne et al. 2013 ) and after a training period (Ihsan et al. 2015) . Water was stirred every 3 min through circular movements, avoiding temperature gradients. The water temperature was measured every 5 min with a digital thermometer (YSI 4600). The control group recovered on a chair without leg immersion in a temperate room. During recovery, heart rate was measured every minute. Every session was supervised by a graduate student. All volunteers had adherence to training program superior to 90 % (completed at least 11 training sessions: CON 12 ± 0 and CWI 11.6 ± 0.3 sessions; p = 0.1). The training was offered in three shifts, morning (8:00 to 11:00), afternoon (14:00 to 17:00), and night (18:00 to 21:00) allowing the volunteer to attend one of these shifts. Each volunteer trained in the same period of the day. Environmental thermal conditions were recorded using an environmental thermometer (Alpha Mare, AM-208).
We used the Bergström and Hultman (1966) technique to perform pre/post exercise training biopsies in the m. vastus lateralis of the dominant leg under local anesthesia (2 % lidocaine with epinephrine). The biopsies occurred 1 week before the first and 3 days after the last training session. During the procedure, samples were harvested by suction, cleaned from blood, fat, and connective tissue, frozen in liquid nitrogen, and stored in −80°C until analysis.
Measurements
We performed western blot to evaluate intramuscular content of Hsp72, AMPK, and phosphorylated p38 MAPK. Approximately 50 mg of muscle samples were lysed by maceration in ice in 100 μL of lysis buffer (1 % Triton X100; 100 mM Tris pH 8.0, 20 % glycerol, 0.2 mM EDTA) containing protease inhibitor cocktail (Complete Protease Inhibitor Cocktail, Roche, Germany) and phosphatase inhibitor cocktail (Phosphatase Inhibitor Cocktail PhosStop, Roche, Germany). The lysates were centrifuged at 2700×g for 20 min at 4°C, and the supernatant containing the cytosolic protein was collected. In the extracts, protein concentration was determined by the Bradford (1976) method using bovine serum albumin (BSA; 1 mg/mL) as standard. Approximately 30 μg of total protein was fractionated on polyacrylamide gel (12 %) containing sodium dodecyl sulfate (20 %) (SDS PAGE). We ran four gels for p-p38 and AMPK and other four gels for Hsp72 and GAPDH using the same amount of protein. The electrophoresis was performed between 50 and 150 V for about 4 h at room temperature (Mini Protean Tetra System, Power Pac Basic, BioRad). Proteins were transferred to previously activated (30 s in 100 % methanol) polyvinylidene fluoride membranes (Millipore, EUA), wetted in transfer buffer (25 mM Tris, 192 mM glycine, 20 % methanol). Transference was performed at 25 V and 1.5 A for 24 min in a semi dry system (Trans Blot Turbo, BioRad). Transference efficiency was verified by Ponceau S staining (0.5 %) in every membrane. The membranes were then dried and reactivated by exposing for 30 s in methanol and finally dried using filter paper for 30 min at room temperature. The membranes were incubated with primary antibody (1:1000, 1 % BSA in TBS-Tween buffer) Hsp72 (Stressgen), AMPK, p-p-38 MAPK, or GAPDH (14C10) (Cell Signaling) at room temperature, under gentle agitation for approximately 2 h. The membranes were washed in TBS Tween, three times for 5 min, and incubated for 1 h at room temperature with peroxidase-conjugated secondary antibody (1:5000, Cell Signaling). After washing three times for 5 min with TBS-Tween, the membranes were incubated in enhanced chemiluminescence solution for 15 min, protected from light. The membranes were then exposed to X-ray film (p-p38 using Hyperfilm, Amersham, USA and Hsp72, AMPK and GAPDH using Kodak 811.6428, New York, USA) that was developed using developer and fixer (RP X-Omat, Kodak, USA) according to the manufacturer's recommendations. The film was scanned, and the bands were analyzed using Scion Image software (Scion Corporation based on NIH Image; National Institutes of Health, Scion Corporation, Frederick, MD, USA). Pre-training CTRL Hsp72/GAPDH, AMPK/GAPDH, and p-p38MAPK/GAPDH values (arbitrary units) were averaged and equaled to 100 %. Individual Hsp72/ GAPDH, AMPK/GAPDH, and p-p38MAPK/GAPDH values were expressed by a percentage of pre-training CTRL Hsp72/ GAPDH, AMPK/GAPDH, and p-p38MAPK/GAPDH values. GAPDH was loaded as the same internal control for p-p38, AMPK and HSP72 for each independent experiment. We assessed mRNA expression of some mitochondrial biogenesis-related molecules by real-time PCR. One milliliter of TRIzol reagent (Invitrogen) was added to approximately 50 μg of skeletal muscle sample. Total RNA was isolated according to the manufacturer's guidelines and quantified using a spectrophotometer. The cDNA was prepared using total RNA (1 μg) and MultiScribe reverse transcriptase kit (Applied Biosystems, Grand Island, NY, USA). All primer sequences (Fig. 2) were obtained from Integrated DNA Technologies (Campinas, SP) including Ca 2+ /calmodulin-dep e n d e n t p r o t e i n k i n a s e I I ( C a M K 2 ) , c a r n i t i n e palmitoyltransferase (CPT1), citrate synthase (CS), heat shock factor 1 (HFS-11), nuclear respiratory factor 1 (NRF1 and NRF2), pyruvate dehydrogenase lipoamide kinase isozyme 4 (PDK4), PGC-1α, and Tfam. The list of primers sequence is shown in Table 2 . The expression of the genes was normalized by different reference genes determined for geNORM algorithm (Vandesompele et al. 2002) . The list of reference genes includes β-actin, cyclophilin, RPL39, and tubulin. The real-time PCR was performed using the StepOne thermocycler (Applied Biosystems). The PCR conditions were set at 95°C for 10 min, followed by 40 cycles at 95°C for 10 s and 60°C for 30 s. Real-time PCR data were analyzed using the Sequence Detector System 1.7 (Applied Biosystems). The relative amount of mRNA was calculated using 2-(ΔCT) method (Livak et al. 2001 ).
Statistical analysis
The software Statistica (v8.0, StatSoft, Inc.) was used for statistical analysis. Sample size was estimated based on the study of Yamane et al. (2006) , using the endurance test outcome as the reference variable. The Shapiro-Wilk test was used to assess the normality of the data. Student's t test was performed to compare the characterization data between groups. We used a two-way repeated measure ANOVA to evaluate the effect of exercise on the parameters studied in the different groups, followed by Tukey's post hoc test when a significant F value was observed. Statistical significance was adopted as p ≤ 0.05. Data are presented as means ± SEM. Table 3 shows physical and physiological characteristics of the two experimental groups. As previously planned, there was no difference in physical and physiological characteristics between CWI and CON groups (p > 0.05), which were matched by the time to complete the 15-km time trial. Table 4 shows the training-related data. Sessions mean heart rate (expressed as % maximal heart rate measured at pre-training incremental test) and mean heart rate during the 15-min recovery period were not different between groups. Training load, measured by session mean heart rate (bpm) times total session duration (min), increased on average 4 % (3.99 and 3.97 %, CON and CWI, respectively) per session and 52 % (51.8 and 52.0 %, CON and CWI, respectively) from session 1 to session 12, and it was not different between groups. These results show that training load was similarly increased for both groups during the HIIT protocol. Figure 2 shows time trial-related data. Time to complete the 15-km time trial was reduced (training effect p = 0.000) for both groups, but there was no group (p = 0.24) or interaction (training × group; p = 0.67) effects (Fig. 2a) . Time to complete each kilometer in the time trial was reduced by training (p = 0.000), but there was no group × training interaction (p = 0.79) and no kilometer × group × training interaction (p = 0.94) (Fig. 2b) . Mean power output during the time trials (expressed as % of pre-training maximal power output) was increased from pre to post time trial (p = 0.000), but there was no group (p = 0.51) or group × training (p = 0.67) effects (Fig. 2c) . Mean power output each kilometer was increased by training (p = 0.000), but there was no group (p = 0.28), group × time (p = 0.98), or kilometer × group × training (p = 0.91) effects (Fig. 2d) . Heart rate (expressed as % of maximal heart rate) during time trials showed an increase throughout the time trials in both groups (kilometer effect, p = 0.0000), but no group (p = 0.82), training (p = 0.73), group × training (p = 0.51), or group × training × kilometer (p = 0.97) effects (Fig. 2e) . Rating of perceived exertion scores are shown in Fig. 2f . There was a training effect (p = 0.018), evidencing lower scores during the post HIIT time trial. There was also an increase in the rating of perceived exertion scores during both time trials for both groups (kilometer effects, p = 0.000). However, there was no group (p = 0.39), group × training (p = 0.43), or group × training × kilometer (p = 0.81) effects.
Results
The Hsp72 muscle values, as shown in Fig. 3a , increased with training (p < 0.01), but was not different between CON and CWI groups (CON 100 ± 28 to 124 ± 37 % and CWI 100 ± 31 to 131 ± 23 %, p = 0.29). The AMPK muscle content increased with training (p = 0.05), but it was not different between groups (CON 100 ± 64 to 154 ± 92 % and CWI 100 ± 45 to 155 ± 87 %, p = 0.53) (Fig. 3b) . As shown in Fig. 3c , p-p38 MAPK muscle content also increased with training (p = 0.048), but it was not different between groups (CON 100 ± 12 to 128 ± 40 % and CWI 100 ± 23 to 137 ± 59 %, p = 0.57). These results indicate that CWI did not affect HIIT-induced muscle Hsp72, AMPK, and p-p38 MAPK increase.
Real-time PCR results are presented in Fig. 4 . Neither HIIT or CWI induced changes in PGC-1α (CON 1.0 ± 0.32 to 0.88 ± 0.10 and CWI 1.0 ± 0.23 to 0.94 ± 0.15, p = 0.31), NRF-2 (CON 1.0 ± 0.26 to 0.86 ± 0.11 % and CWI 1.0 ± 0.25 to 1.19 ± 0.37, p = 0.82), CTP1 (CON 1.0 ± 0.41 to 1.13 ± 0.24 and CWI 1.0 ± 0.37 to 1.25 ± 0.25, p = 0.14), and CS (CON 1.0 ± 0.19 to 0.95 ± 0.26 and CWI 1.0 ± 0.24 to 1.20 ± 0.26 %, p = 0.44) mRNA. NRF-1 mRNA decreased with training (p = 0.006), but was not different between conditions (CON 1.0 ± 0.39 to 0.67 ± 0.18 and CWI 1.0 ± 0.34 to 0.67 ± 0.15, p = 0.14). CWI increased Tfam (CON 1.0 ± 0.26 to 0.79 ± 0.29 and CWI 1.0 ± 0.22 to 1.31 ± 0.39, p = 0.03), HFS-1 (CON 1.0 ± 0.38 to 0.61 ± 0.25 and CWI 1.0 ± 0.19 to 1.25 ± 0.30, p = 0.007), and PDK4 mRNA (CON 1.0 ± 0.99 to 0.65 ± 0.64 and CWI 1.0 ± 0.58 to 2.26 ± 1.41, p = 0.03). Also, CaMK2 mRNA decreased with HIIT (CON 1.0 ± 0.15 to 0.60 ± 0.07), but it was not affected by CWI (CWI 1.0 ± 0.22 to 1.03 ± 0.17, p = 0.003). , heart rate (expressed as % of maximal heart rate) during time trials (e), and rating of perceived exertion scores during time trials (f). Asterisk indicates training effect (P < 0.05). Data are expressed as mean ± standard error. Two-way ANOVA, CON = control, CWI = post-exercise cold water immersion, PRE = before training, and POST = after training
Discussion
The aim of the present study was to evaluate the effect of postexercise lower limbs CWI on physical performance, measured by 15 km time trial, and changes in intramuscular Hsp72, AMPK, p-p38 MAPK contents and markers of muscle oxidative capacity, after 4 weeks of HIIT. The present results demonstrated that HIIT-induced adaptations were not affected by CWI, measured by an increase in Hsp72, AMPK, and p-p38 MAPK muscle content and similar improvements in exercise performance in 15 km time trial testing. However, CWI upregulated Tfam, CaMK2, and PDK4 mRNA expression, suggesting that this intervention might potentially enhance oxidative capacity. Also, HFS-1 mRNA was higher after HIIT in CWI compared with CON. These results indicate that regular post-exercise CWI induce enhancements in some markers of muscle oxidative capacity and cellular stress at the mRNA level, but without changes in HIIT-induced endurance adaptations.
The present results demonstrate that HIIT was effective in increasing performance and improvements were similar between groups, as shown in Fig. 1 . The average improvement in the time to complete the 15-km time trial was approximately 10 % for CON and 11 % for CWI, equivalent to studies using a similar training protocol (Burgomaster et al. 2006; Little et al. 2010 ) and confirming the effectiveness of HIIT training in improving performance during a 15-km time trial. We observed improvements in time to complete each kilometer, mean power and power during each kilometer, showing that subjects exercised at a higher intensity after the training period. There was no difference in heart rate responses between groups or between pre and post HIIT time trials, suggesting that subjects were able to maintain higher exercise intensity throughout the time trials with less cardiovascular strain. Interestingly, rating of perceived exertion scores were reduced in the post HIIT time trial, suggesting that subjects perceived the exercise as less difficult, although power output was increased and heart rate was not different in comparison with the pre HIIT time trial. Halson et al. (2014) observed, in professional cyclists, after an intensified training period (21 days) a marginal superior increase in performance (9.3 ± 3.0 % for CWI versus 6.5 ± 5.2 % for CON) and peak power (2.5 ± 3.5 % for CWI versus −1.8 ± 2.8 % for CON) for the CWI versus control, with no statistical differences between groups. The authors claim that although they did not observe clear changes in performance between groups, the CWI had no negative effect on the variables of exercise performance. In the present study, we also observed no negative (nor positive) effects of CWI in performance. Conversely, Yamane et al. (2006) found that postexercise CWI decreased VO 2 max (+8.2 % for CON and −2.2 % for CWI, p < 0.05) and inhibited the increase in HR heart rate, bpm beats per minute, RPE rating of perceived exertion 
femoral artery diameter after a training program of three to four times a week for 4-6 weeks, in non-athlete subjects. The authors justify the results indicating that intramuscular hyperthermia induced by exercise is considered a factor that influences endurance training adaptation, and lowering muscle temperature by CWI interfered with recovery process Session 12
HIIT HR(% max) 88 ± 1.5 84 ± 2.3 90 ± 1.6 88 ± 2.1 88 ± 1.6 88 ± 2.5 87 ± 1.0 86 ± 2.8 89 ± 1.3 85 ± 2.7 89 ± 1.1 84 ± 1.8 86 ± 1.4
83 ± 1.6 0.00 0.47 0.18 15 min Recovery HR(% max) 58 ± 3.1 57 ± 2.0 58 ± 1.6 58 ± 2.0 57 ± 1.2 5 ± 8 2.0 57 ± 0.8 56 ± 2.2 57 ± 1.2 55 ± 2.3 57 ± 0.5 55 ± 1.4 58 ± 0.9 54 ± 1.7 0. Data are shown as mean ± SEM HIIT high intensity interval training, HR heart rate, W Watts reducing improvements in performance. Also, the authors speculated that lower intramuscular temperature induced by cooling could affect the expression of HSPs, considered an important molecule for exercise induces muscle adaptation, although they did not assess HSP content.
In the present study, we evaluated the effects of regular post-exercise CWI after 4 weeks of HIIT in HSF-1 mRNA and Hsp72 intramuscular content. We reported that HSF-1 mRNA was higher in the CWI treatment compared with CON. However, Hsp72 muscle content increased in both groups with HIIT, but was not different between them. As HSF-1 is a transcription factor for other HSPs, we speculated that higher HSF-1 mRNA induced by CWI may have resulted in changes in expression of other proteins member (such as Hsp60). As reviewed by Sonna et al. (2002) , under a cold shock response, the HSFs induce an increase in different HSPs. In addition, a mechanism of response to cold stress is the changes in gene expression that involves inhibition of RNA degradation. This mechanism could explain our result as the CWI maintained HFS-1 mRNA increased even without differences in Hsp72 muscle content between groups. Yamane et al. (2006) speculated that CWI could inhibit HSP muscle content increase by a faster reduction in muscle temperature post-exercise. In the present study, we did not measure intramuscular temperature, but a previous study has shown over 4°C muscle temperature difference between CWI and control condition (Mawhinney et al. 2013; Broatch et al. 2014) . In the present study, it seems that the different thermal stress with the two experimental conditions was not sufficient to induce a different Hsp72 response in the muscle. Several non-thermal cellular stress sources such as energy substrate depletion (Sciandra and Subjeck 1983) , hypoxia (Guttman et al. 1980) , and acidosis (Liu et al. 1999) , which occur during exercise (Vogt et al. 2001) , may stimulate the synthesis of Hsp72. We do not know if the temperature difference (cooling induced by CWI) between the experimental conditions is sufficient to alter the Hsp72 response. In fact, the present study is the first to evaluate the effects of CWI on HIIT-induced performance adaptation in two groups of physically active subjects and to evaluate intramuscular Hsp72 content.
Our results show that HIIT was efficient to increase the intramuscular AMPK and p-p38 content without differences Fig. 4 Mean fold change for PGC-1α (a), NRF-1 (b), NRF-2 (c), Tfam (d), CaMK2 (e), CPT1 (f), CS (g), HFS-1 (h), and PDK4 (i) mRNA before (pre) and after (post) 4 weeks of high intensity interval training for control and cold water immersion groups. Data are expressed as mean ± standard error. Asterisk indicates P ≤ 0.05 for differences training effects. Number sign indicates P ≤ 0.05 for differences in between conditions. CON = control, CWI = post-exercise cold water immersion, PRE = before training, and POST = after training between groups. This result indicates that decreasing muscle temperature and blood flow using post-exercise CWI has no influence on two important signaling molecules involved in mitochondrial biogenesis. P38 MAPK (Kramer and Goodyear 2007) and AMPK (Reznick and Shulman 2006) signaling have been implicated in the regulation of PGC-1α, considered an important regulator of mitochondrial biogenesis in skeletal muscle. PGC-1α mRNA evaluated 72 h after the last training session was not affected by HIIT or CWI. It is possible that the induction of PGC-1α mRNAwas decreased along the 4 weeks of training. As demonstrated by Perry et al. (2010) , the peak of PGC-1α mRNA occurs~4 h after an exercise bout and returns to pre exercise level after 24 h. The authors also showed that PGC-1α mRNA evaluated after HIIT (~90 % VO 2 peak) sessions 1, 3, 5, and 7 was progressively decreased. We also evaluated transcription factors downstream of PGC-1 α, such as NRF1, NRF2, and Tfam. We observed no change in NFR-2 and a decrease in NRF-1 mRNA with HIIT, but no effect of CWI. Tfam mRNA, considered an important transcriptional activator of the mitochondrial genome, was higher in CWI compared with CON after HIIT. It is likely that this increase is mediated, in part, by PGC-1α, but we could not affirm that because we did not measure PGC-1α content. Additionally, HIIT reduced CaMK2 mRNA, but CWI was not able to change it. Bruton et al. (2010) studied skeletal muscle function in mice exposed to a cold environment (4°C for 4-5 weeks) with special focus on the interaction between intracellular Ca2+ handling, mitochondrial biogenesis, and fatigue resistance. They reported that the muscles of cold-acclimated mice showed increased expression of PGC-1α, Tfam mRNA, and citrate synthase activity. Therefore, it is possible that CWI is enhancing positively some, but not all, indices of mitochondrial biogenesis.
The gene expression of mitochondrial enzymes CS and CPT1 was not affected by HIIT or CWI. Although there are different post-transcriptional mechanisms that determine mRNA translation into protein, we speculated that CS and CPT1 enzymes increased with HIIT and the transcription stimulus reduced along the training sessions. The mitochondrial enzyme PDK4 mRNA was up-regulated only in CWI after the HIIT training. PDK4 is considered an important element involved in fuel selection by reducing the flow of pyruvate dehydrogenate into the tricarboxylic acid cycle. Buck et al. (2002) demonstrated that PDK4 mRNA levels increase fivefold in skeletal muscle and a metabolic shift from the oxidation of carbohydrates to the use of stored fatty acids as the primary source of energy in ground squirrel during hibernation. Additionally, Wende et al. (2005) observed an increase in PDK4 mRNA in muscle following 6 h of cold exposure facilitating mitochondrial fatty acid oxidation. The fast reduction in muscle temperature with CWI reduce muscle metabolism (Ihsan et al. 2013 ) and may facilitate fatty acid oxidation. In this sense, we observed that CWI increased PDK4 mRNA in skeletal muscle and it may facilitate the selection of a thermogenic fuel in a diverse physiological condition.
Recently, Ihsan et al. (2015) observed that regular CWI enhances molecules involved in mitochondrial biogenesis in the vastus lateralis. In that study, physically active subjects were trained using a treadmill for 4 weeks (three times per week) and had one of their legs cold water immersed while the other served as control. Different from the present study, the authors reported increase mitochondrial biogenesis pathway signaling molecules protein content such as AMPK and p38 in the leg that was cold water immersed. They also observed higher oxidative enzymes protein content such as β-HAD, and some respiratory chain subunits in cooled compared with control leg. However, the exercise testing protocol used in that study did not allow for a comparison of the performancerelated adaptations between the legs, as tests were conducted using both legs simultaneously. It should be kept in mind that although some markers of mitochondrial biogenesis were upregulated in the cold water-immersed leg, suggesting higher oxidative capacity in the muscle in response to CWI, oxidative enzyme (CS, CPT-1, and succinate dehydrogenase) maximal activities were not altered by CWI. Furthermore, as stated by the authors, cold-induced mitochondrial biogenesis may not be translated into increased exercise performance, as coldinduced mitochondrial biogenesis can be associated with increase in uncoupled mitochondrial respiration. For instance, cold exposure results in increased expression of uncoupled proteins (Puigserver et al. 1998; Wu et al. 1999) , which facilitates the leak of protons across the inner mitochondrial membrane, bypassing ATP synthase. This adaptation would counteract the increased mitochondrial content, resulting in decreased mitochondrial efficiency and decreased ATP production per mitochondria volume. Therefore, we believe that the assessment of exercise performance in studies that used postexercise CWI is more important than the analyses of mitochondrial biogenesis-related proteins.
A limitation of the present study is to present mRNA instead of total protein measurement as an outcome of exercise training which may limit interpretation about cell adaptation, as proposed by Miller et al. (2016) . We attempted to measure other components of the mitochondria biogenesis signaling pathways, such as PGC-1α and CaMK2 protein, but were unable to get reliable data. It is possible that some of the changes in mRNA do not agree with protein translation. Another limitation of the present study was not measured total p-38 and presented a ratio between total and phosphorylated proteins. Therefore, caution should be used interpreting the p-p-38 result.
Conclusion
We conclude that cold water immersion does not alter HIITinduced intramuscular Hsp72, AMPK, and p38 adaptations and exercise performance, but it was able to increase some markers of cellular stress response and oxidative capacity related to mitochondrial biogenesis.
